Background: Acute kidney injury (AKI) is a serious complication after cardiac surgery that is associated with increased mortality and morbidity. Heme oxygenase-1 (HO-1) is an enzyme synthesized in renal tubular cells as one of the most intense responses to oxidant stress linked with protective, anti-inflammatory properties. Yet, it is unknown if serum HO-1 induction following cardiac surgical procedure involving cardiopulmonary bypass (CPB) is associated with incidence and severity of AKI.
Introduction
Surgery-associated acute kidney injury (AKI) is a common and serious complication after cardiac surgery, which increases the risk of mortality, morbidity as well as length of the hospital stay. [1] [2] [3] [4] [5] [6] The incidence of AKI associated with cardiac surgery may reach 50%, 3, [7] [8] [9] [10] depending on the definition. The diagnosis of AKI is suggested by the Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Work Group as an increase in serum creatinine (SCr) and/or a decrease in urine production. 11 Even slight elevation of 0.3 mg/dL (AKI stage I) in SCr is considered as an independent predictor of in-hospital, 30-day as well as long-term mortality. 12, 13 Direct therapy for AKI is limited by the supportive strategy that includes fluid management, adequate drug dosing and dialysis for severe AKI stages.
Early prediction of AKI might allow an interventional therapeutic regime at the intensive care unit (ICU) before the damage of glomerular or renal tubular cells tends to become high grade or even irreversible. Furthermore, early distinction of the stages and causes of AKI might help in decision making in the ICU regarding catecholamine therapy, dialysis or fluid/drug management in early postoperative care.
The inducible isoform enzyme heme oxygenase-1 (HO-1) catalyzes the oxidative degradation of heme, producing CO, Fe 2+ and biliverdin, which is converted to bilirubin by cytosolic biliverdin reductase. HO-1 is upregulated in proximal tubular cells as a response to oxidative stress and has protective anti-inflammatory and anti-oxidant effects.
14 HO-1 was first recognized as a rapid and protective response in the context of rhabdomyolysis and heme pigment-induced AKI in animal models. 14 The beneficial effects of HO-1 on oxidative stress and prevention of AKI have been reported in multiple animal models. [15] [16] [17] In one small cohort in cardiac surgery, the association with AKI has been suggested in a clinical setting. 18 In this prospective cohort study, we aimed to evaluate the course of HO-1 serum concentration after cardiac surgery and the association with AKI.
Patients and methods

Patient population
We enrolled in this prospective cohort study 165 patients between April and December 2014. Adult patients undergoing elective cardiac surgical procedure involving cardiopulmonary bypass (CPB) (coronary artery bypass graft [CABG] , valve surgery [reconstruction, replacement] or combined CABG and valve surgery, and surgery of the thoracic aorta) were included. Patients signed informed consent form. Patients with chronic kidney disease (CKD) stage 3 or higher, ie, eGFR <30 mL/min, with signs of active infection (clinical assessment), women during pregnancy and lactation, as well as patients on COMT inhibitors, MAO inhibitors or on immunosuppression were excluded. Patient enrollment was at least 24 hours prior to surgery. Demography, medical history, medication, details of physical examination, anesthesia details, surgical data and the postoperative data including the hospital discharge were collected by the study personnel and were completed by the Comprehensive Heart Failure Center DataWarehouse. 19 The study protocol was approved by the ethics committee at the Medical Faculty of the University of Würzburg (Vote 302/13) and the data protection officer at the University Hospital Würzburg.
Biomarker measurements
We collected blood samples at a predefined time schedule (preoperatively; at admission in ICU; 6, 24, and 48 hours after surgery; and at discharge from hospital). These time points were defined by local clinical routine; samples were collected by treating staff, while further processing was performed by study personnel. All samples were processed and stored at −80°C. For biomarker analyses, serum samples were thawed at +4°C and HO-1 (Enzo LifeSciences, Ann Arbor, MI, USA). Neutrophil gelatinase-associated lipocalin (NGAL; BioPorto Diagnostics A/S, 2900 Hellerup, Denmark) concentrations were measured by ELISA following the manufacturer's guides. HO-1 was measured at anesthesia induction (baseline), at admission in the ICU and on postoperative day 1 (24 hours postsurgery), while NGAL was measured at baseline and at admission in the ICU.
Definition of end points and outcomes
The primary end point of the study was the incidence of AKI within 48 hours after surgery. The severity of postoperative AKI is defined as any of the following: 1. SCr increase by ≥0.3 mg/dL within 48 hours; or 2. increase in SCr to ≥1.5 times baseline, which is known or presumed to have occurred within the prior 7 days; or 3. urine volume <0.5 ml/kg/h for 6 hours. The stages of AKI within 48 hours were defined as SCr increase ≥0.3 mg/dL or of 1.5-1.99 times baseline as (stage 1), SCr increase of 2.0-2.9× baseline (stage 2) and SCr increase ≥3.0 times baseline or SCr >4 mg/dL or dialyses (stage 3). Secondary end points were the length of stay in ICU and hospital, time on mechanical ventilation and in-hospital mortality.
EuroScore II is a mortality risk calculator for cardiac surgical patients considering age, gender, pulmonary disease, extracardiac arteriopathy, neurological status, renal status, cardiac status as well as the complexity of the planned procedure. 20 The EuroScore II is therefore a reliable score to rate the preoperative status of the patient. CPB time represents the duration of the operation in which the myocardium suffers from oxidative stress. 21 Furthermore, it represents a sound surrogate marker for the course of the operation and is an independent predictor of mortality and morbidity after cardiac surgery. 22 
statistical analyses
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Magyar et al variable analysis using a backward stepwise approach with criteria of P<0.05 for inclusion and P>0.10 for removal from the model. Areas under the curve of receiver operating characteristic (ROC) were analyzed to assess the cutoff value for postoperative HO-1 levels for predicting AKI. The optimal HO-1 cutoff level was defined as the value that provided the highest sensitivity and specificity for predicting AKI. An explorative, two-sided P-value of less than 0.05 was considered significant for all results.
Results
Patients' characteristics
Of the enrolled 165 patients, 15 were excluded due to withdrawal of consent and change of surgical procedure to off-pump surgery. The patients' characteristics stratified by development of AKI are displayed in Table 1 Figure 1 ). Neither preoperative serum NGAL nor HO-1 levels differed between patients who subsequently developed AKI and those who did not ( Table 2 , Figures 2 and 3 ). Both markers were higher at ICU arrival as compared to baseline (P<0.001 for NGAL and HO-1) ( Table 2 and Figures 2 and 3 ). In total, 45 patients (30%) developed AKI during the first 7 days after surgery and three patients required renal replacement therapy (Table 3) . The severity of AKI is described in Table 3 .
The results of univariate and multivariate logistic regression analyses are presented in Table 4 . We analyzed the relationship of clinical relevant variables (age, EuroScore II, hypertension, diabetes, chronic obstructive pulmonary disease, peripheral artery disease, stroke in medical history, CPB time, deep hypothermic circulatory arrest, mechanical ventilation time, noradrenalin dose, resuscitation, hemodynamic instability, rethoracotomy and transfusions) and serum HO-1 levels with AKI. We found an independent relationship of serum HO-1 levels 24 hours after surgery with the development of AKI (P=0.043, OR 1.053, 95% CI: 1.002-1.107).
CPB time of all patients was associated with HO-1 levels at ICU arrival (P=0.046, correlation coefficient=0.236) but not with HO-1 levels at 24 hours after surgery (P=0.219). Furthermore, HO-1 levels at 24 hours after surgery in patients with AKI were associated with EuroScore II (P=0.048, correlation coefficient=0.181). Using ROC analyses, we provided a comparison of AUC between creatinine, NGAL postoperatively and HO-1 at 24 hours after surgery (Figure 4 ). Data are summarized in Table 5 . By contrast, diagnostic accuracy for HO-1 at 24 hours after cardiac surgery was more reliable with a sensitivity of 75% and specificity of 85.8% for predicting AKI stage 2/3 after 48 hours (AUC 0.802, SE=0.102, 95% CI: 0.602-1.000, P=0.004; Figure 5 ).
Discussion
In the present study, we investigated data from a prospective cohort study of 150 adult cardiac surgical patients. Our results indicate that HO-1 kinetics differ in patients developing AKI within 48 hours from those who do not. All patients -independent from subsequent incidence of AKI -showed an HO-1 increase immediately after the operation. While AKI patients showed a second burst 24 hours after surgery, HO-1 levels in patients without AKI decreased almost to baseline values. In multivariate analyses, HO-1 levels at 24 hours after surgery remained associated with AKI within 48 hours. HO-1 showed a stronger association with higher stages of AKI (stages 2 and 3) compared with the AKI stage 1 in the measurement 24 hours after the surgery. Further investigations showed that NGAL concentrations increased early after surgery and were associated with the incidence of AKI within 48 hours as well.
AKI, as defined by the most recent guidelines, has a very strict definition as a rise in SCr of ≥0.3 mg/dL within 48 hours. 11 Although a slight increase of SCr within 48 hours might not get noticed by the treating physicians in absence of a significant change of urine production, AKI stage 1 impacts the prognosis of a patient. 6, 8, 9, [23] [24] [25] Not only regarding an increased in-hospital mortality -as also confirmed in our cohort -but also the long-term prognosis of the patients suffering from AKI demonstrated a higher rate in re-hospitalization, mortality and heart failure. 6, 8, 9, [23] [24] [25] HO-1 is upregulated in proximal tubular cells in response to oxidative stress and has protective anti-inflammatory and anti-oxidant effects.
14 In rodent models, it has been associated with AKI. 15 In cardiac surgery patients, it was associated with AKI after surgery in a very small sample of 74 patients, 18 which was a substudy of a clinical trial using ACE inhibitors to prevent inflammatory reactions after cardiac surgery. ACE inhibitors have been described to increase HO-1 expression and might be a bias in the prior study. 26 Although in both studies the measurements were performed at the same time points, 
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Magyar et al the course of HO-1 levels differed. While we observed one burst of HO-1 post-CPB, the earlier cohort showed a decrease in HO-1. Furthermore, we showed a decrease of HO-1 in patients without AKI, which was not shown in the first study. In our cohort, elevation of HO-1 serum concentrations after CPB was positively associated with the CPB time. The ischemia-reperfusion stress of the cross-clamping and diastolic arrest represent an intensive oxidative stress triggering HO-1 production in different tissues. 21, 27, 28 CPB time is a strong surrogate marker for the surgical complexity of the procedure itself and a complicated course during the operation. 22 The longer a patient remains on CPB, the more oxidative stress is generated -not only in the myocardium but also in other sensitive tissues of the organism. 21, 22, 28, 29 Still the HO-1 elevation 24 hours after the surgery is a specific signal of renal stress. The first HO-1 induction does not differ between patients with or without AKI within the next 48 hours. Thus, we assume that the renal stress caused by the CPB might not be the only cause for AKI in our cohort. Patients with prolonged CPB times tend to have higher incidences of cardiogenic shock, anemia, bleeding, arrhythmia and pulmonary complications -all possible triggers of AKI for themselves. 22, [29] [30] [31] [32] Our results might suggest that not the direct oxidative stress on the kidneys due to CPB is the causative for AKI, but the secondary upcoming complications and consequences of a long CPB duration. 30, 32 HO-1 levels 24 hours after surgery are not any longer associated with the CPB time but with the incidence of AKI. This second burst of HO-1 suggests that renal stress leading to AKI might be caused by, eg, inappropriate fluid management, diuretic treatment, appearance of cardiac shock or cardiac arrhythmias. Our results suggest that the time after surgery might be crucial for the development of AKI. Therefore, attention and targeted interventions to prevent AKI should be favorable during the postoperative phase, as already shown in literature. 36 HO-1 measurements 24 hours after surgery were associated with the EuroScore II. EuroScore II is a risk score for cardiovascular surgery taking comorbidities, demography and other factors into consideration and providing a good sum up of all relevant operative risk factors. 20 Thus, our results suggest that the renal oxidative stress might be caused or influenced by the comorbidities of the patient, as described previously in recent literature 34, 35, 37, 38 Being a rather late marker after cardiac surgery, HO-1 seems to be not helpful in clinical routine for early diagnostic issues after cardiac surgery compared to other biomarkers. Concurring with the literature we observed a statistically significant difference in HO-1 between AKI and no-AKI patients 24 hours after surgery. 18 However, NGAL serum concentrations differed between the groups already after the CPB in our cohort, also according with the literature. 39, 41 But even NGAL does not provide an advantage over SCr to be of predictive value. Biomarkers for detection of acute kidney 
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Magyar et al injury induced after the tubular damage has occurred are unsuitable for early diagnostics because the treatment options after the renal damage are limited. 41 Some biomarkers, such as tissue inhibitor of metalloproteinase two and insulin-like growth factor binding protein 7 ([TIMP-2]*[IGFBP7]), seem to provide some significant timing advantage. [41] [42] [43] [44] In our cohort, HO-1 carried some benefits over other markers. In contrast to NGAL, HO-1 was very specific for AKI. 40, 45 The HO-1 serum concentrations 24 hours after surgery had a specificity of over 91% for AKI. By contrast, NGAL concentrations in serum increase due to oxidative stress in other organs as well and are less specific for AKI. 41 On the other hand, this association might be caused by the high cutoff level, and HO-1 elevation could be caused by general oxidative stress. ([TIMP-2]*[IGFBP7] has a very high sensitivity of up to 90% in literature but has a rather low specificity (about 60%). 44, 46 With its high specificity, HO-1 might gather additional information about AKI especially in combination with other markers. After cardiac surgery, serum NGAL levels have been shown to increase early within 2 hours and have already been proven to be predictive of the duration and severity of AKI after cardiac surgery. 39 Recently, NGAL has been investigated extensively and appeared to be one of the most promising early biomarkers after renal injury. 40 A meta-analysis including 19 studies with 2,500 patients was performed to estimate the diagnostic and therapeutic accuracy of NGAL in AKI. 33 In conclusion, NGAL was found to be a useful early predictor of AKI with prognostic value for clinical end points. Unfortunately, substantial extrarenal NGAL generation in response to systemic stress can increase NGAL level in the absence of AKI, 39 which partly limits its value in diagnostic accuracy. Although the treating physicians were kept blinded regarding HO-1 and NGAL measurements, we address other limitations of the present study. A limited sample size prevents extensive multivariate adjustments, but this study still investigated the largest prospective cohort on HO-1 in cardiac surgery. Additionally, with the predefined exclusion criteria in our cohort, we could not study patients with preexisting advanced CKD and cannot comment or extrapolate on patients with CKD grade G4 or higher according to the KDIGO classification. Further information could be gathered by measuring HO-1 in urine as well, but this was not depicted in the study protocol. Finally, there is a potential treatment bias, because our protocol did not involve predefined approaches of treatment in case of postoperative AKI.
Conclusion
HO-1 measurements 24 hours after cardiac surgery are associated with AKI within 48 hours after surgery. Early measurements at ICU admission do not show any association with AKI. Further research on this marker in larger cohorts is important to characterize the entire value and determinants of the HO-1 kinetics. Clinical usefulness of this marker has yet to be investigated.
